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A b s t r a c t. There is an urgent need for standardized monitor-
ing of existing soil organic carbon stocks in order to accurately 
quantify potential negative or positive feedbacks with climate 
change on carbon fluxes. Given the uncertainty of flux meas-
urements at the ecosystem scale, obtaining precise estimates 
of changes in soil organic carbon stocks is essential to provide 
an independent assessment of long-term net ecosystem carbon 
exchange. Here we describe the standard procedure to monitor 
the soil organic carbon stocks within the footprint of an eddy 
covariance flux tower, as applied at ecosystem stations of the 
Integrated Carbon Observation System. The objectives are i) to 
ensure comparability between sites and to be able to draw general 
conclusions from the results obtained across many ecosystems 
and ii) to optimize the sampling design in order to be able to 
prove changes in time using a reduced number of samples. When 
sampling a given site at two periods, the objective is generally 
to assess if changes occurred in time. The changes that can be 
detected (i.e., demonstrated as statistically significant) depend 
on several parameters such as the number of samples, the spa-
tial sampling design, and the inherent within-site soil variability. 
Depending on these parameters, one can define the ‘minimum 
detectable change’ which is the minimum value of changed that 
can be statistically proved. Using simulation studies, we address 
the trade-off between increasing the number of samples and get-
ting lower minimum detectable changes of soil organic carbon 
stocks.
K e y w o r d s: ICOS protocol, soil organic carbon stocks, sam-
pling design, SOC measurements
INTRODUCTION
Soil organic carbon (SOC) is of high importance for 
the magnitudes of greenhouse gas fluxes (Lal, 2004; 
2010). Small relative changes in SOC pool can signifi-
cantly increase or decrease atmospheric carbon dioxide 
(CO2) content. In many parts of the world, human-induced 
perturbations have strongly depleted SOC stocks (SOCS) 
(Bellamy et al., 2005; Sanderman et al., 2017). SOCS are 
expected to change not only following land use and land 
management changes (Post and Kwon, 2000; Guo and 
Gifford, 2002) but also as a result of climate change (tem-
perature and moisture response), increased plant carbon 
(C) allocation due to elevated atmospheric CO2 concentra-
tions, long term drainage and N deposition (Gorham, 1991; 
Stockmann et al., 2013; Dignac et al., 2017). SOCS contain 
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twice to three times the amounts of C than that is stored in 
the vegetation or in the atmosphere (Batjes, 1996; Le Quéré 
et al., 2016; Stockmann et al., 2015). Therefore, a small 
relative change in this reservoir may have a large effect on 
CO2 balance and climate change mitigation (Smith et al., 
2008; 2012; Lal, 2016; Paustian et al., 2016; Minasny et al., 
2017). There is accordingly an urgent need for standardized 
monitoring of existing SOCS in order to accurately quan-
tify potential negative or positive feedbacks with climate 
change on C fluxes. Moreover, SOC is probably one of the 
most important soil components as it affects soil physical, 
chemical and biological properties. Changes in SOCS are 
rather low compared to total SOCS, and most of the meas-
urable changes occur in the upper soil layers (Arrouays and 
Pélissier, 1994a; Smith, 2004; Saby et al., 2008a).
Soil organic carbon monitoring issues have been high-
lighted in many papers (e.g., Smith, 2004; Bellamy et al., 
2005; Don et al., 2007; Saby et al., 2008a, 2008b; Schrumpf 
et al., 2011; van Wesemael et al., 2011; Orton et al., 2012a, 
2012b; Arrouays et al., 2012). Arrouays et al. (2012) dis-
tinguished different approaches to the establishment of soil 
monitoring networks. The authors stressed that it is essen-
tial to establish an adequate sampling protocol that can 
be applied rigorously at each sampling location and time 
and that different statistical methods should be associated 
with the different types of sampling design. Among these 
issues one particular challenge is to get unbiased estimates 
of mean and total stock values and their uncertainties over 
specified areas.
Estimations of total SOCS and their changes over a de- 
fined area (i.e., an ecosystem station to be monitored) are 
important variables in the portfolio of the pan-Europe-
an long-term research infrastructure Integrated Carbon 
Observation System (ICOS). Given the uncertainty on 
CO2 and methane flux measurements at the ecosystem 
scale (Loescher et al., 2006), obtaining precise estimates 
of changes in SOCS, along with estimates of changes in 
biomass and lateral C fluxes, are essential to provide an 
independent assessment of long-term net ecosystem carbon 
exchange. All ICOS ecosystem stations should be sam-
pled and treated in a harmonized way, in order to ensure 
comparability between sites and to be able to draw gene- 
ral conclusions from the results obtained across Europe. 
Here we describe a standard procedure to monitor the 
SOCS within the footprint of an Eddy Covariance flux 
tower, as applied at ecosystem stations of the Integrated 
Carbon Observation System (ICOS). The ultimate objec-
tive is to be able to draw general conclusions from the 
results obtained across many ecosystems. One other practi-
cal objective is to optimize the sampling design in order 
to be able to prove changes in time using a reduced num-
ber of samples. Indeed, the changes that can be detected 
(i.e., demonstrated as being statistically significant) depend 
on several parameters such as the number of samples, the 
spatial sampling design, and the inherent within-site soil 
variability. Depending on these parameters, one can define 
the ‘minimum detectable change’ which is the minimum 
value of changed that can be statistically proved. Our main 
hypothesis is that, using simulation studies, we will be able 
to address the trade-off between increasing the number of 
samples and getting lower minimum detectable changes of 
SOCS.
METHODOLOGY
We first need to consider if the rate of SOCS chang-
es will allow to monitor them in time or if these changes 
will not be detectable, in which case a single estimate of 
SOCS at a given date will be enough to characterize the 
EC footprint. 
Should we monitor SOCS or should estimate them only 
once?
Efficient SOCS monitoring depends on the detectability 
of changes. Most studies on soil carbon monitoring have 
shown that changes cannot be significantly proved over 
time steps less than 10 years (e.g., Smith, 2004; Bellamy 
et al., 2005; Don et al., 2007; Saby et al., 2008a, 2008b; 
Schrumpf et al., 2011; van Wesemael et al., 2011; Orton et 
al., 2012a, 2012b; Arrouays et al., 2012). However, there 
is an obvious need to detect changes as earlier as possi-
ble. This is why the mandatory minimum time step for 
sampling SOC in ICOS sites has been fixed to 10 years. 
Samplings in-between may be decided depending on 
expected changes and available resources. However, tem-
poral changes of the total SOCS over a period of 20 years 
are unlikely to be detected if they are less than 20-25% of 
its spatial standard deviation (Smith, 2004; Schrumpf et al., 
2011). This is mainly the case for soils where the SOCS is 
huge as compared with its expected changes over 20 years, 
as typical for peat soils. This may apply also for the soils 
having a large spatial heterogeneity due to stoniness (e.g. 
some forests soils on glacial deposits). In such cases, it is 
important to describe the soil in order to evaluate the fea-
sibility of detecting a temporal change. Subsequently this 
will also allow to decide whether the standard instructions 
can be applied or an alternative approach needs to be con-
sidered. In any case, a baseline sampling respecting the 
protocol we detail hereafter, should be conducted during 
the first campaign to be able to estimate the initial mean 
value and variance of SOCS variance of an ecosystem 
under observation.
Spatial sampling strategy
The location of sampling points to monitor the SOCS 
at the ICOS ecosystem station requires particular attention. 
The flux tower footprint delineation issue is a crosscutting 
issue for all observations carried out at ICOS ecosystem 
monitoring stations and is therefore outside the scope of 
this paper. Each station should provide the delineation of 
the area to monitor and the location of places where any soil 
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or vegetation disturbance should be avoided. The standard 
procedure proposed here is, in theory, scale independent 
and can be adopted to any size and shape of the moni-
tored area, on the condition that this area is large enough 
so as the disturbance created by coring or digging does not 
impact carbon stock change estimates. Indeed, the choice 
of a method for monitoring SOC changes should always be 
a trade-off between sampling effort, minimizing soil dis-
turbance, and statistical power. In other words, and from a 
practical point of view, this protocol is recommended for 
sites having an area of several hectares.
Theory of sampling for monitoring
A major decision in designing a monitoring scheme 
is the selection of the statistical sampling approach (de 
Gruijter et al., 2006). Two fundamentally different sam-
pling approaches can be distinguished, the design-based 
and the model-based approach (Brus and de Gruijter, 
2011). In a model-based approach, the statistical inference 
is based on a model of the spatial variation. Randomness is 
introduced via the model, which is a stochastic model, i.e. it 
contains a random error term. As a consequence, selection 
of the sampling units by probability sampling (e.g. by par-
titioning the area into stratas and sampling random points 
in each strata) is not strictly needed. This option needs to 
sample a very large set of locations in order to calibrate 
a model and is therefore not recommended for our purpose. 
In a design-based sampling approach, the estimation of the 
statistical parameter of interest, for instance the mean or 
the total, and its standard error is based on the inclusion 
probabilities of the sampling units. These probabilities are 
determined by the sampling design. This requires that the 
sampling units are selected by probability sampling, so that 
these inclusion probabilities are known. 
Although it is not always possible to produce a map 
using probability sampling, it allows estimating the sta-
tistical parameters in an efficient way using a small set 
of samples (Brus and de Gruijter, 2011; de Gruijter et al., 
2006). Therefore, because of limited funding for sampling 
and analyses, and because our main objective is to estimate 
total SOCS over an area, stratified simple random sampling 
was chosen as the design-type.
As subjectivity in the spatial stratification used for prob-
ability sampling should be avoided, we adopted a stratified 
random sampling, using geographically compact sub-areas 
as strata. By using these compact sub-areas as strata, spa-
tial clustering of the sample locations can be avoided and 
leads subsequently to better accuracy of the estimated spa-
tial mean.
Implementation simulation study
The performance of the selected sampling design and 
statistical estimates of the parameters are illustrated here 
by summarizing the results of a simulation study. We have 
based our study on the results of the first campaign of 
nine CarboEurope sites, which differ in land use, climate 
and soil types (Schrumpf et al., 2011). Within this frame-
work, a first extensive soil inventory was conducted at all 
sites as a baseline for long-term soil carbon monitoring. 
Concentrations of organic carbon (OC), bulk density (BD), 
and fine earth fraction were determined from 0 to 60 cm 
depth at 100 sampling points per site (the depth of sam-
pling resulted from a trade-off between costs and expected 
future changes). The 100 sampling points per site formed 
a regular grid at distances of 10 to 15 m at the grassland 
and cropland sites,and 30 m at the forest sites (Schrumpf et 
al., 2011). Using these data and geostatistical technics, we 
simulated SOCS maps at the ICOS ecosystem station for 
two dates. Using these results, we realized 100 virtual sam-
plings of increasing number of cores. Using this method, 
we investigated the minimum detectable changes in SOCS, 
according to compact strata probability sampling, assuming 
future re-sampling of a various set of cores and a constant 
spatial variance in time (e.g. same variogram for the two 
sampling rounds). As a correlation between sampling times 
is expected, but unknown, we did the simulations for two 
extreme values of this correlation, 0.2 and 0.8.
Protocol for spatial sampling
The target area to be monitored is partitioned into 10 
compact strata of equal area and two first order sparse 
measurement points named SP-I are “randomly” selected 
per stratum.
From a practical point of view, purely theoretical ran-
dom sampling is not always possible, as we need to avoid 
that points are too close each other. Therefore we use a de- 
fault random sampling strategy and define a circle with 
a 10 m radius around each point. In practice this means 
that first one point is randomly selected per stratum. Then 
a second point is randomly selected in each stratum but 
being at least 30 m apart from the first one and a circle of 
10 m is also defined around this second point. These circles 
are defined as subplots. The radius of the circles will be 
adjusted in case the stratum is not large enough to identify 
two subplots without overlap. In any case it should not be 
less than 5 m. The area for soil sampling is then defined 
by these 20 sub-plots (two circles in each of the 10 strata). 
In each of these subplots, five second order sparse meas-
urement points are selected “randomly” for soil sampling 
(see figures in Saunders et al., 2018). Samples from these 
five second order points will be then bulked. The advan-
tage of this kind of bulk (or ‘aggregate’, or ‘composite’) 
sampling strategy has been demonstrated and discussed by 
Lark (2012). Interestingly, Lark (2012) also showed that 
the benefits of increasing the number of aliquots within 
such a small area beyond five were negligible. As sampling 
provokes some perturbations, it is therefore good practice 
to limit the number of subsamples to 5 in case of coring and 
to 3 in case of digging pits.
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As for SP-I definition, the SP-II location within circu-
lar subplots is not strictly random, i.e., SP-II should be at 
least located 2 m apart from each other in order to make 
sampling possible without disturbing adjacent points. In 
practice this means that first one SP-II is randomly selected 
per subplot. Then a second point is randomly selected in 
each subplot but being at least 2 m apart from the first one, 
etc. Supplementary reserve locations are provided in case 
of impossibility of sampling (e.g., point under a trunk). 
Core samples of known volume are taken at the same fixed 
depths on these five points (coring protocol is described in 
the section ‘Field sampling’). If digging soil pits is neces-
sary because coring is impossible (e.g., stony soils), then 
the number of points is reduced to 3 in order to minimise 
site disturbance and the minimum distance between SP-II 
is increased to 3 m.
Resampling
The sampling strategy for the successive sampling cam-
paigns will use the same strata and subplots, but new SP-II 
will be selected within the circular areas at each campaign, 
using the same rule and adding a new minimum distance 
constraint of 2 m from the coring points (or 3 m in case 
of digging pits) of the previous sampling campaigns. In 
practice, this means that the area to exclude from sampling 
increases with time.
Total sampling depth and sampling depth increments
Defining a mandatory soil thickness to sample, results 
from a trade-off between measuring all SOC, being able to 
detect changes, and minimizing the sampling effort. Here, 
SOCS are calculated for the first meter (0 to 100 cm) as 
this thickness enables to capture most of the SOC subject 
to detectable changes over decadal periods. The SOCS is 
expressed in gC per m² for a given depth and layer. These 
depths are: 0-5, 5-15, 15-30, 30-60, 60-100 cm from the 
surface of mineral soils. Using smaller sampling incre-
ments close to the soil surface is recommended because 
SOC often exhibit a strong gradient close to the surface 
(Arrouays and Pélissier, 1994b) and larger changes are 
expected in the upper part of the soil. There are many good 
reasons to focus on topsoil layers and to adopt fixed incre-
ments (Kibblewhite et al., 2008; Morvan et al., 2008) rather 
than pedogenic horizons,e.g. to avoid subjectivity and to 
allow comparison between sites. Moreover, there may be 
different successions of horizons within a single site, ham-
pering the formulations of averages. Another rationale is 
that it is better to have fixed increments for data assimi-
lation in models that will be run for all ICOS ecosystem 
stations. Finally, the depth increments we recommend are 
consistent with the increments adopted by the international 
GlobalSoilMap initiative (Arrouays et al., 2014).
Organic surface layers (O horizons) are characterized 
by a much higher turn-over rate of C than mineral lay-
ers. Therefore it is mandatory to sample them separately. 
Moreover, they are also characterized by a higher short-
range heterogeneity than mineral layers. Therefore, when 
present, organic surface layers will be sampled first and 
separately using a frame (25x25 cm) and their depth and 
mass will be recorded. Deeper mineral layers will be then 
sampled as described above.
Field sampling
Sampling conditions
Soil sampling should be carried out at a time when the 
humidity is close to the field capacity and in a stabilized 
ground, not recently ploughed. The ground water table 
should be preferably below the soil depth to be sampled. 
In croplands, the sampling must be carried out at least four 
weeks after the last ploughing at a time when the upper soil 
layers are firm and wet and allow for using a soil auger or 
automated corer. In addition, periods following cultivation 
operations (tillage, disking, seeding, fertilizers application 
etc.) must be avoided.
Protocol for field sampling
SOCS are measured using simultaneous measurements 
of SOC content and bulk density (BD). This simultaneous 
measurement enables to avoid biases linked to the cor-
relation between SOC content and BD. The International 
Standard ISO-11279:1998 describes three methods for 
the determination of dry BD of soils calculated from the 
mass and the volume of a soil sample. The methods involve 
drying and weighing of soil samples, the volume of whi-
ch is either known (core method) or has to be determined 
(excavation method, and clod method). As the clod method 
does not integrate some voids in soil, it is not adapted to our 
aim of estimating a total stock on a given volume. Thus, for 
the presented standard procedure we recommend either the 
core method (non- stony soils) or the excavation method 
(stony soils): 
(i) In non-stony coherent soils, samples have to be taken 
as vertical undisturbed cores that are extracted with a motor 
hammer corer or a root corer. All five sampling points with-
in each sub-plot (n = 20 sub-plots × 5 sampling points) have 
to be sampled. The core samples of known volume will be 
extracted from the depths defined above. 
(ii) In stony or incoherent soils, only the first three SP-II 
locations around each SP-I have to be sampled (n = 20 × 3 
sampling points). At each SP-II location, a soil pit is dug 
and individual volumetric samples are extracted in the pit 
from the layer depths defined above. Because volumet-
ric samples thicker than 10 cm are practically difficult to 
extract in one piece, the layers 30-60 and 60-100 cm are 
sampled by means of two superposed samples of equal vol-
ume. The individual volumetric samples are taken either by 
the cylinder method or the excavation method according to 
the International Standard ISO 11272:1998. For the cylin-
der method, the volume of the cylinders should preferably 
be close to 500 cm3 and never less than 100 cm3.
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For sampling organic soil horizons the upper surface of 
the soil at the interface between “O” horizons and the upper 
mineral horizon must be carefully identified. Separating 
“O” horizons from mineral horizons is not trivial and needs 
the expertise of a well trained soil scientist (Federer, 1983). 
Then, at each individual sampling location, the organic 
horizons (O) must be collected using a frame (25x25 cm²) 
and separated between the Oi, Oe, and Oa layers. Their 
thickness will be measured in order to allow volume calcu-
lation. Then, soil cores will be taken from sampling depths 
0-5, 5-15, 15-30, 30-60, 60-100 cm for organo-mineral and 
mineral horizons. Whatever technique used, it is essential 
to obtain for each sample collected i) the sample volume, 
V in cm3, ii) the sample vertical thickness, LT in cm, and 
iii) the sample horizontal cross sectional area, A in cm2. 
Cylinder volumes should be comprised between 100 and 
500 cm3.
Cores should be about 10 cm diameter. If digging pits is 
necessary, their size has to be adapted to local conditions. 
In case of impossibility to achieve core sampling (i.e., ran-
domly distributed stones in depth), it is recommended to 
try to reach at least 30 cm by resampling one meter apart 
from the theoretical point. In case 30 cm cannot be reached 
again, the deepest sampling point will be retained, and the 
soil depth will be considered to have been reached. For 
cores deeper than 30 cm, any impossibility to dig down to 
a depth less than 1 m will define the soil depth. In case the 
soil depth is in between the standard depth values (e.g. 55 
cm) the layer between the upper standard depth and the soil 
depth will be taken (e.g., 30 - 55 cm). Pits should be re-
filled after digging, respecting the vertical order of layers. 
Specifications for peat soils
Acknowledging that (i) the assessment of temporal 
changes in the total SOCS in virgin mires and peats using 
repeated measurements based on cores is not achievable 
and (ii) in some cases,the C export by lateral fluxes is 
a major component of C balance of mires, it is accepted not 
to apply the sampling scheme and SOCS determination as 
proposed in the standard procedure. An alternative method 
is proposed, especially in actively drained peatlands and 
shallow peat soils where temporal changes might be sig-
nificant and detectable (Krüger et al., 2015). Since the main 
objective of the soil sampling strategy is to close the eco-
system mass balance of C, the alternative method proposed 
should consider also to determine the discharge of C.
Nevertheless, it is compulsory (ecosystem stations with 
peat soils) to sample peat soils down to 1 m depth at a total 
of five to ten points split over ten plots in order to provide 
an initial estimate of the total SOCS. 
An auger, that prevents compaction has to be used for 
peat sampling. The top of the capitula of the Sphagnum 
mosses, when present, are used as the reference (z = 0). 
To be able to highlight a change in SOC over time, it may 
be better to focus on detailed profiles with depth (e.g. one 
sample every 0.1 m), at the expense of replicate spatial 
sampling (e.g., 1 peat core per plot).
Soil description
The first core or pit of each subplot should be described 
and recorded by a soil scientist or an adequately trained 
staff. The following data must be reported: 
– Soil type following WRB classification (FAO, 2014; 
IUSS Working Group WRB., 2015): (e.g., Albic Stagnic 
Luvisol (Cutanic, Endoclayic)) (http://www.fao.org/3/
i3794en/I3794en.pdf)
– Horizons description: each horizon of the profile must 
be described using the following variables: 
– Upper and lower vertical limits of the horizon 
– Color of the horizon using the Munsell color code 
chart
– Soil water state, estimated according to 5 classes 
(dry, moist, wet, wet-satiated, saturated; e.g. NRCS- 
USDA, 2012) 
– Texture of the horizon using field finger test 
– The presence of stones and their nature
– Diagnostic horizon name (if applicable) accord-
ing to the FAO WRB (FAO, 2014, http://www.fao.
org/3/i3794en/I3794en.pdf ) 
– Diagnostic parent material name (if applicable) 
according to the FAO WRB (FAO, 2014, http://
www.fao.org/3/i3794en/I3794en.pdf ) 
– Diagnostic property name (if applicable) accord-
ing to the FAO WRB (FAO, 2014, http://www.fao.
org/3/i3794en/I3794en.pdf ). 
Sample processing
All sample processing steps included in this section will 
be done by each team at the ICOS station level. The sam-
ple processing describes the operating modes to obtain the 
composite samples that will be sent to chemical analysis and 
archiving; it is including the measurements for bulk density 
determination as well. The successive steps are summa-
rized in Fig. 1. The following operating modes are adapted 
from the International Standard ISO-11074-2:1998. One 
should refer to this document for further details. 
Mineral soil samples 
The mineral soil samples preparation and processing 
involve three main steps:
(i) Drying and sieving each individual sample to obtain 
fine earth, stones and root mass values. 
(ii) Combining fine earth of individual samples to ob- 
tain a composite sample: for each subplot, the fine earth 
of each depth interval of the five cores or three pits will 
be bulked in proportions corresponding to their respective 
mass of fine earth from the corresponding layers. For core 
samples, this bulking is simply done by mixing the sam-
ples. However, for samples obtained by excavation it is 
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necessary to use bulk density values to calculate the mass 
of each SP-II sample to be bulked. An aliquot will be sent to 
the Ecosystem Thematic Centre (ETC) central laboratory.
(iii) Extracting three sub-samples from the composite 
samples. The obtained composite samples (one for each 
subplot location and layer) must be split in three aliquots: 
1) a 50±10 g aliquot for determination of the residual 
humidity and the fine earth mass; 2) a 300±30 g aliquot 
that must be send to the ETC central laboratory for C and 
residual water content analyses; 3) the remaining sample 
for long-term archiving.
Organic samples 
The organic samples preparation and processing can be 
divided in two main steps that are summarized in Fig. 2. 
(i) Drying and crushing samples 
(ii) Composite sample following the same method 
described for organo-mineral and mineral samples and 
extract sub-samples: 1) a 300 g aliquot that must be send 
to the ETC Central Laboratory for C, N and residual water 
content analyses, 2) The remaining sample to be archived. 
Analytical measurements 
The analytical measurements will be performed by the 
ETC central laboratory. Although various analytical meth-
ods can be used to estimate SOC content, including loss 
on ignition, wet oxidation and dry combustion, for ICOS 
we recommend the commonly accepted standard that is 
dry combustion using an automated C-N analyzer. Total C 
content in soil will be determined by dry combustion (ISO, 
1995). If CaCO3 < 699 g kg-1, SOC will be deduced by 
subtraction of carbonate to total C content using the fol-
lowing equation.
SOC = total carbon - 0.12 CaCO3 , (1)
where SOC is expressed in g kg-1.
The carbonate content will be measured according to 
ISO 10693 (ISO, 2014): an aliquot of the soil sample is 
treated with hydrochloric acid. The volume of CO2 pro-
duced is measured using a volume Scheibler aparatus and 
converted into CaCO3 equivalent concentration.
If CaCO3>699 g kg-1, SOC will be determined directly 
using an automated C-N analyzer on a test portion of the 
soil sample pretreated by HCl (removal of carbonates). The 
threshold of 699 g kg-1 corresponds to the value of CaCO3 
where the error on CaCO3 propagates significant errors on 
the estimation of SOC using Eq. (1).
Calculations
Calculating SOCS for the subplot
The mass of fine soil in g m-2 will be calculated for each 
SP-II layer, using BD and the thickness of the standard 
layer or of the observed thickness in case it is less than the 
standard. The total mass of fine soil in each layer in g m-2 
Fig. 1. Workflow for sample preparation and analyses- mineral soil samples. Steps should be done according to the numbering order. 
Red codes correspond to the codes to be used when reporting.
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of each subplot will then be calculated by averaging the 
masses measured on the 5 sampling points (or 3 in case of 
pit excavation).
The estimations of the total and the mean of the SOCS 
of each layer of each subplot will be then calculated when 
the C content of the dried bulked samples is determined.
Estimation of spatial means and sampling variance 
The estimation method uses the well-known formula 
of the stratified random sampling. The total stock zi of the 
layer i (g m-2) is estimated by:
(2)
where: H is the number of strata (10 in this case), ah are the 
relative areas of the strata (stratum weights equal to 1/10 in 
this case), and  is the estimated total stock of stratum h 
estimated by the following equation:
(3)
where: nh equals to the number of sampling locations in 
stratum h (2 in this case), zihj is the observation j of the layer 
i of the stratum h.
The mean stock  of the layer i is estimated by:
(4)
where:  is the estimated mean of stratum h estimated by 
the following equation:
(5)
Provided all numbers of sampling locations are larger 
than 1 in the strata, the sampling variance of can be esti-
mated by:
(6)
where:  is the estimated sampling variance of  (the 
estimated mean of the stratum h):
(7)




The performance of the selected sampling design and 
statistical estimates of the parameters are illustrated here by 
summarizing the results of the simulation study based on 
the results of the first campaign of nine CarboEurope sites 
Fig. 2. Workflow for sample preparation and analyses – organic soil samples. Steps should be done according to the numbering order. 
Red codes correspond to the codes to be used when reporting. Three distinct organic layers may be present: one of leaves, pine needles 
and twigs (Oi); underlain by a partially decomposed layer (Oe); and then a very dark layer of well decomposed humus (Oa). 
D. ARROUAYS et al.640
(Schrumpf et al., 2011). The results from our simulation 
study showed that increasing the number of plots decreased 
on average the mean detectable changes. As a correlation 
between sampling times is expected, but unknown, we did 
the simulations for two extreme values of this expected cor-
relation, 0.2 and 0.8 (Figs 3 and 4, respectively).
Note that the correlation between sampling times has 
a strong effect on the MDC. The mean values of MDC 
roughly double when the correlation between sampling 
times is changed from 0.8 to 0.2.
For both cases, when the number of plots increases the 
minimum detectable change decreases sharply whereas this 
decrease slows down when the number of plots reaches 20 
and more. This result confirms the choice of 20 plots as 
an acceptable trade-off between the possibility to detect 
a change and the sampling effort. Indeed, depending on the 
number of plots, the soil thickness investigated, and the 
correlation between sampling times the mean MDC range 
1.5 – 0.05 kg m-2.
The results also show a large variability of the minimum 
detectable changes, which shows that, depending on the 
within-site variance and the rates of change, the same sam-
pling effort may result in very different conclusions among 
the ICOS ecosystem stations monitored. Conversely, this 
protocol enables to estimate the within-site variance for 
all ICOS ecosystem stations monitored. Therefore, assum-
ing possible rates of changes it will be possible to estimate 
how the sampling design should be densified (by increas-
ing the number of SP-I points) to reach a desired minimum 
detectable change. In other words, applying this protocol 
will help to decide if the sampling effort should be modu-
lated. However, the choices we made (bulking 5 samples 
for cores and 3 for pits) are consistent with previous studies 
that showed that bulking a small number of samples may 
be as efficient as measuring SOC on individual cores (e.g., 
Lark, 2012). Moreover, using this strategy reduces the ana-
lytical cost and avoids large soil perturbations.
The adoption of systematic depths is mandatory, in 
order to avoid subjectivity in sampling, harmonise sam-
pling protocols, and facilitate comparisons between sites. 
However, assessing changes between two sampling dates, 
will require to take into account changes in bulk density 
which may happen. These changes in bulk density may 
happen because of natural causes, site management prac-
tices or even because of the sampling itself. The method 
we propose, including measurement of thickness, soil 
Fig. 3. Box-plots of the simulated minimum detectable changes over nine Carbo-Europe stations. One hundred simulations were run 
on each of the stations and each soil thickness (correlation between sampling times is fixed to 0.2). Dots are outlier values. The x-axis 
corresponds to the number of samples.
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bulk density and bulking according to soil masses, enables 
to apply the ‘equivalent soil mass’ procedure (Ellert and 
Bettany, 1995; Wendt and Hauser, 2013).
We should also note that the MDC is increasing with 
the total depth taken into account, therefore we recom-
mend that calculations about changes should be done for 
all thicknesses (e.g. 0-5, 0-15, 0-30 cm, etc.) because cal-
culating changes on the whole first meter only may mask 
changes occurring at the topsoil layers.
Finally, the method we propose is adapted to ICOS sites 
that have generally an area of several hectares. One should 
keep in mind that sampling smaller areas will need a very 
carefull trade-off between the target minimum detectable 
change and a minimum site perturbation. 
CONCLUSIONS
1. We provide standardised guidelines for sampling and 
measuring SOCS to ensure comparability between sites 
and to be able to draw general conclusions from the results 
obtained across many ecosystems. 
2. Using simulation studies, we addressed the trade-off 
between increasing the number of samples and getting low-
er mean detectable changes of SOCS. We show that using 
design based sampling, a significant reduction of uncertain-
ty on SOCS can be achieved when gathering 20 composite 
samples taken on the basis of 10 compact strata.
3. The protocol enables a first estimate of the within-site 
variance which can be further used to adapt the sampling 
effort to required minimum detectable changes.
4. The standardisation of methodologies to characte- 
rise SOCS in ecosystem stations are essential to develop 
a coherent pan-European flux network.
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